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ABSTRACT

This paper describes a physically based method for the retrieval of upper-tropospheric humidity (UTH) and
upper-tropospheric column water vapor (UTCWYV) based on the use of radiance data collected by the TIROS
Operational Vertical Sounder (TOVS), principally channels 4 (14.2 pm), 6 (13.7 pm), and 12 (6.7 pm) of
High-Resolution Infrared Radiation Sounder. This paper demonstrates how TOVS radiance data, particularly
that of the upper-tropospheric water vapor channel 12, can be modeled usefully using a single band Malkmus
model with parameters tuned to a particular sensor on a particular satellite. A significant uncertainty arises from
the treatment of continuum absorption, even in regions where line absorption is dominant. This uncertainty can
introduce a bias as large as 2 K, which in turn leads to an uncertainty of approximately 15% —20% in the retrieved
UTH and UTCWV. The research described in this paper points to the critical need for high-accuracy measure-
ments of upper-tropospheric water vapor to test retrievals such as the one described herein. The results suggest
that the relative humidity of the upper troposphere, especially over the domain of the Hadley circulation taken
to be between 30°N and 30°S, undergoes a significant seasonal change. This is contrary to the usual assumption
of fixed relative humidity adopted in simple climate feedback studies. Large seasonal changes in the region from
30°N to 30°S are possibly associated with the seasonal swings in the Hadley circulation. Similar seasonal changes
in the 350-hPa overburden indicate that these swings in relative humidity occur as a result of significant seasonal
shifts in the upper-tropospheric water vapor content. In the region equatorward of 30° latitude, the Southern
Hemisphere winter is shown to be significantly drier than the Northern Hemisphere winter. This enhanced drying
is consistent with the existence of more extensive regions of subsidence producing larger regions of dry upper-
tropospheric air in the SH during winter than in the corresponding NH during winter, especially in the subtropical
Eastern Hemisphere. Analyses of the data show the clear effects of moistening in the NH subtropics through the
monsoonal circulations over Asia and North America and little effect of monsoon circulation in the Southern
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Hemisphere.

1. Introduction

Water vapor is an essential constituent of the
earth’s climate system. It plays a decisive role in the
radiative transfer within and from the atmosphere
and is germane to the transport and release of latent
heat in the atmosphere and the rate of evaporation at
the surface. The transport of water vapor also fun-
damentally controls where and why clouds form and
thus is crucial to understanding the role of clouds in
climate.

The precise way in which water vapor acts as a
greenhouse gas is now being tested using global sat-
ellite data. For instance, recent studies examine the ba-
sic relationships between the amount of water vapor in
the atmosphere and components of the earth’s climate
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system, such as temperature (Stephens 1990) and the
earth’s radiation budget (Stephens and Greenwald
1991; Bony and Duvel 1994; Webb et al. 1994; Ste-
phens et al. 1994), in an attempt to clarify its role as a
greenhouse gas. Despite these studies, the feedback be-
tween water vapor, radiation, and global temperature,
considered so fundamental to our climate system, has
come under critical review by Lindzen (1990), who
argues that a global warming will lead to a general
drying of the upper troposphere due to enhanced sub-
sidence accompanying any supposed increase in con-
vection. Since an upper-tropospheric drying leads to an
increase in the emission to space, the proposed positive
feedback between water vapor, temperature, and emis-
sion is weakened or, as Lindzen proposed, reversed,
implying that global warming may actually be over-
estimated in present models. Pierrehumbert (1994 ) ar-
gues that the drying associated with large-scale subsi-
dence plays a fundamental role in keeping the water
vapor feedback in check. Although the suggestion that
the upper troposphere on the whole dries under the sce-
nario of a global warming has been criticized (Betts
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1990; Rind et al. 1991), it is a reminder of the pro-
nounced sensitivity of the outgoing emission of infra-
red radiation to both the amount and distribution of
upper-tropospheric water vapor.

Despite the prominent role of water vapor in defining
the earth’s climate, relatively little effort has gone into
analyses of existing global observations, and only mod-
est resources have been spent on developing new tech-
nologies to accommodate observational needs. The task
of simply determining the global distributions of water
vapor above 500 hPa, let alone understanding its pos-
sible role in climate and global change, remains elusive.
Conventional sonde measurements of upper-tropo-
spheric moisture are unreliable (Elliott and Gaffen
1991), and the quality of any relationship between sat-
ellite radiometric data and upper-tropospheric water
vapor, like those described in this paper, remains un-
certain largely due to a severe lack of verification data.
Nevertheless, the fundamental importance of water va-
por to climate dictates that these satellite data be ana-
lyzed, if for no other reason than to provide motivation
for validation.

The principal objective of the research described in
this paper is to introduce a method for the retrieval of
upper-tropospheric humidity (UTH) and upper-tropo-
spheric column water vapor (UTCWYV) based on the
use of radiance data collected by the TIROS Opera-
tional Vertical Sounder (TOVS). This research ex-
pands upon similar research that uses measurements in
the 6.3-um water vapor band by sensors on geostation-
ary satellites (Schmetz and van de Berg 1994; van de
Berg et al. 1991; Soden and Bretherton 1993), on polar
orbiting satellites (e.g., Raschke and Bandeen 1967,
Hayden et al. 1981), and on previous research using
TOVS (Wu et al. 1993). The satellite data employed
in this study are derived from the HIRS and their char-
acteristics are reviewed in section 2 followed by a dis-
cussion of atmospheric profile data in section 3. A
model of the infrared radiative transfer is introduced in
section 4, and a discussion of transmission models for
bands corresponding to selected TOVS channels is
given. A theoretical basis for the retrieval schemes in-
troduced in this paper is contained in section 5. Section
6 introduces the retrieval approach for UTH and pre-
sents results of this retrieval. Section 7 describes the
retrieval of UTCWYV and presents results of this re-
trieval.

2. Satellite radiance data

Detailed characteristics of the data used in this study
are described by Wu et al. (1993) and further by Bates
et al. (1996). The data used in this study are for the
period from January 1989 to December 1991 and are
obtained from the operational processing of TOVS by
the National Environmental Satellite Data and Infor-
mation Service (NESDIS). The TOVS package con-
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sists of three separate sounding units: the Microwave
Sounding Unit (MSU), the Stratospheric Sounding
Unit (SSU), and the High Resolution Infrared Radia-
tion Sounder (HIRS). The HIRS data obtained from
three IR channels, identified as channels 4, 6, and
12 and centered approximately at 704, 732, and
1484 cm™', respectively, provide the primary source of
information used in this study. Channels 4 and 6 are
located in the 15-um CO, band and are used for oper-
ational temperature sounding, whereas channel 12 is
located within the 6.3-um vibrational —rotational band
of water vapor and is sensitive to changes in upper-
tropospheric moisture and temperature. All radiances
used in this study have been limb corrected by the op-
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FiG. 1. NOAA-10 minus NOAA-11 differences in A.M. and P.M.
averages of channel 4, 6, and 12 N, brightness temperatures as a
function of the 1989 day count. Averages over the Northern Hemi-
sphere, Southern Hemisphere, and globe are labeled as NH, SH, and
G*. Temperature averages are weighted by area.
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FiG. 2. Histograms NOAA-10 minus NOAA-11 temperature differ-
ence annual and global data, given on these diagrams as the mean
differences, the standard deviations, and modeled differences in
brightness temperature.

erational NESDIS TOVS processing package (Wer-
bowetzki 1981; see also Kidwell 1991 for documen-
tation of the TOVS channel characteristics, data prod-
ucts, and formats).

A significant effort has been spent at NESDIS to
establish a clear-sky radiance data subset of TOVS
(e.g., Smith et al. 1979; and further upgraded by
McMillin and Dean 1982; and Swaroop et al. 1988).
These clear-sky radiances, referred to as N, radiances,
are used in this study. The clear-sky radiances using
N,’s as compared to an alternative approach discussed
in Wu et al. (1993) differ by less than 2 K for channel
12. Although this difference is relatively small, the is-
sue of cloud clearing or masking satellite data is cur-
rently a topic of much research, especially as we build
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toward the launch of the Earth Observatory Satellite
(EOS) platforms. Possible cloud contamination of the
radiance data used in this study is a major concern that
will be addressed in further studies. Wu et al. (1993)
also provide an extensive error analysis of channel 12
and show that the angular correction scheme used op-
erationally by NESDIS as well as errors resulting from
a combination of instrument factors leads to a total er-
ror of approximately 2.5 K.

a. Intersatellite brightness temperature differences

Potentially more problematic are the differences that
exist between measurements obtained from different
versions of HIRS instruments on different satellites.
The results of the present study are restricted to mea-
surements obtained from sensors flown on both the
NOAA-10 and NOAA-11 satellites. While further dis-
cussion of this issue is warranted, it is only briefly
addressed here since it is dealt with more extensively
by Bates et al. Examples of the intersatellite dif-
ferences are shown in Fig. 1 in the form of globally
and hemispheric averaged channel 4, 6, and 12 N,, area-
weighted brightness temperatures (hereafter referred to
as T4, T6, and T12, respectively ). These area-weighted
data are presented as 5-day means (hereafter referred
to as pentad means). Pentad means of the A.M. and
P.M. orbits of both NOAA-10 and NOAA-11 satellites
are differenced and plotted as a function of time in
Fig. 1.

The brightness temperature difference data shown
are also depicted in the form of histograms in Figs. 2a—
c. The mean NOAA-10 minus NOAA-11 brightness
temperature differences (in this case not weighted by
area) are given on these diagrams as are the standard
deviations. These average data are presented so as to
compate more directly with model-simulated bright-
ness temperatures derived from individual profile data.
Equivalent satellite-to-satellite rms differences in
brightness temperature derived from the radiative trans-
fer model applied to the 1761 different atmospheric
profiles described below are also given on the dia-
grams. It will also be mentioned below how these sim-
ulations use the published filter functions correspond-
ing to channels 4, 6, and 12 of the HIRS on NOAA-10
and NOAA-11. The simulated differences are generally
similar to the actual brightness temperatures, suggest-
ing that differences in the filter functions defining each
channel of the instrument on different satellites could
explain a significant amount of the observed differ-
ences. However, there could be a variety of other pos-
sible reasons for the biases shown. For all results pre-
sented below, we apply a simple adjustment procedure
by using NOAA-10 as a baseline and subtracting the
mean observed biases deduced from the NOAA-11
brightness temperatures shown in Fig. 2.



308

-
=g

/ﬂ‘h
1O
January

JOURNAL OF CLIMATE

VOLUME 9

=

A
g7 (1%

@W . <
7

¢,/’§”/'7 mry///é’g% ! ‘
e e

a .
c oL

7
, o

Lt

-

July

FiG. 3. January and July 1989 monthly mean composites of the (a) T4,

b. Brightness temperature composites

Maps of the A .M. and P.M. pixel radiances using data
composited from NOAA-10 and NOAA-11 satellites
were produced by binning data and averaging to create
global and monthly mean distributions of radiances and
products derived from pixel-level radiances. Examples
of the January and July 1989 monthly mean composites
of the T4, T6, and T12, minus the respective annual
mean temperatures, are shown in Figs. 3a—c. A clearer,
more physical interpretation of these temperatures fol-
lows from the consideration of the weighting functions
discussed below. For the purpose of interpretation,
however, it is relevant to note that the cited levels of
maximum contributions of channels 4, 6, and 12 are
280 hPPa, 725 hPa, and 400 hPa, respectively (Smith et
al. 1979), although a single value of the latter is mean-
ingless. Further discussion of how different layers of
the atmosphere contribute to channel 12 radiances is
given below.

One of the main features of the distributions shown
in Fig. 3a, and to a lesser extent in Fig. 3b, is the rel-
atively small variability of brightness temperature in
the Tropics. The relatively uniform temperature across
the Tropics is a known characteristic of the tropical
atmosphere (e.g., Peixoto and Oort 1992). By contrast,
T12 possesses significant variability in these regions in
a manner associated with large-scale organization of

(b) T6, and (c) T12 minus the respective annual mean temperatures.

deep convection in the intertropical convergence zones
and subsidence poleward of these convective areas.
Since Figs. 3a and 3b suggest that variations of the
thermodynamic temperature across these regions are
small, it is reasonable to suggest that the brightness
temperature variations, evident in Fig. 3c, between ap-
proximately 30°S and 30°N arise largely through mois-
ture variations that occur in the upper troposphere. This
is substantiated below in discussion of the retrieval of
column water vapor amounts.

Figures 4a and 4b present the pentad-mean channel
4, 6, and 12 brightness temperatures averaged between
0°-30°N and S and between 30°S—-30°N (Fig. 4a) and
averaged between 0°~60°N and S and between 60°S
and 60°N (Fig. 4b). The temperatures used to produce
these area averages were derived from a composite of
NOAA-10 and NOAA-11 N, radiances and averaged
over consecutive five-day periods for 1989. The results
are shown as a function of day count and reveal sea-
sonal shifts in hemispheric brightness temperature. The
smallest amplitude of the annual cycles shown in Fig.
4a corresponds to the upper-tropospheric temperature
channel 4. This temperature cycle has a peak-to-peak
value of approximately 1.5 K for the 0°~30°N average
and a maximum that occurs during the summer season.
By contrast, there is little seasonality in the correspond-
ing 0°-30°S averages. Similar features exist in the an-
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FiG. 3. (Continued)

nual cycles of the channel 6 averaged temperatures,
although the 0°-30°S averages display a slightly more
enhanced seasonality that is out of phase with the NH
temperatures and is smaller in amplitude (a peak-to-
peak amplitude of approximately 1 K). The relatively
small amplitudes of the annual cycle in the mid- (T6)
and upper- (T4) tropospheric temperatures are also
consistent with our understanding of the thermody-
namic nature of the tropical atmosphere (e.g., Peixoto
and Oort 1992).

Hemispheric averages of channel 12 temperatures
reveal a more pronounced annual cycle than the aver-
ages of either channel 4 or 6. This is highlighted by
marked seasonal shifts defined by a broad maximum
occurring between day 180 and 270 in the SH and a
corresponding broad minimum in the NH during the
same period. It is also relevant to note how the phasing
of the cycles of channel 12 hemispheric temperatures
opposes that of channels 4-and 6. The peak-to-peak
amplitudes of these annual cycles are approximately 4—
5 K for the SH and 3 K for the NH, respectively. The
principal reason for these larger amplitude features of
channel 12 in the Tropics is that the effects shown are
largely due to seasonal shifts in upper-tropospheric
moisture: with the minimum in the NH corresponding
to moistening through tropical convection and the max-
imum in the SH occurring through the subsidence dry-
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ing that is also related to the NH convection. The max-
imum temperatures during the NH winters are smaller
than the SH counterparts, suggesting that distinct in-
terhemispheric asymmetries exist in the convection—
subsidence process and the large-scale circulations
driven by this process.

The amplitudes of the 0°~60°N and S annual cycles
of channel 4 and 6 temperatures are larger than the 0°—
30°N and S averages due to the larger seasonal swings
in atmospheric temperature that occur in the midlati-
tudes (Fig. 4b). Effects of land heating produce a re-
sidual cycle in the channel 6 60°S—60°N averages that
is in phase with the NH cycle. The annual cycles of
channel 12 temperatures shown in Fig. 4b for the 0°-
60°N and S regions are even more complex than for
tropical regions with both the NH and SH temperatures
tracking each other in phase. This highlights the com-
plex nature of both temperature and moisture effects on
the spectral emission at the wavelengths of channcl 12.
In the NH, the summer maximum is most likely due to
an increase in upper-tropospheric temperature consis-
tent with the observed increases of channel 4 and 6
temperatures. The SH T12 averages, by contrast, pos-
sess a wintertime warming. This result is consistent
with the interpretation that the upper troposphere is
dryer in the winter hemisphere, as implied in the work
of Pierrehumbert and Yang (1993).

3. TIGR2 atmeospheric profile data

The forward radiative transfer simulations employ
the profile information collected and stored as part of
the TIGR2 database (Scott et al. 1991). These profiles
are grouped into airmass categories in Table 1. While
it is not the intention of this study to provide a detailed
characterization of these data, it is nevertheless appro-
priate to comment on the properties of these profiles
for later reference. For this purpose, we adopt the ap-
proach of Boers and Prata (1995), who use conserva-
tive-variable diagrams as a way of grouping a large
body of sounding data into climatological regimes.

The form of conservative variable diagram used in
this study is defined with the (liquid water) potential
temperature as the vertical coordinate and the total wa-
ter mixing ratio as the horizontal coordinate. The prin-
ciple reason for using §—¢g; diagrams is that these ther-
modynamic parameters are essentially independent of
each other with one (8) closely representing thermal
structure and the other (gr) representing moisture
structure.

As Boers and Prata show, 6-g; diagrams are
particularly useful for comparing thermodynamic prop-
erties of different climatological regimes. The reason
for this is that isentropic displacement conserves 6§ and
qr, and properties arising from this displacement are
easily identifiable on the diagram. As an explanation of -
this, Fig. 5a is a schematic of an idealized circulation,
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which may be thought of as the Hadley circulation, and
Fig. 5b is the corresponding 6—q, diagram associated
with this idealized flow. Air in a well-mixed boundary
layer, with thermodynamic properties that largely de-
termined by ocean surface fluxes, is moistened and
warmed (Fig. 5b) as it flows to the ITCZ along D — A
where it ascends moist adiabatically along A — B and
exits near the tropospause. As this air moves poleward
(B — C), it radiatively cools and subsides (C — D),
conserving its small water vapor content. The cycle is
completed as the subsiding air reenters the boundary
layer with lower 6 and is subsequently warmed and
moistened as it flows equatorward.

The conservative diagram analyses was applied to
all TIGR2 profiles, and the results of these analyses are
presented in Fig. 6 for the tropical and midlatitude air-
mass categories given in Table 1. These figures all dis-
play the classic triangular shape indicative of thermo-
dynamic constraints on atmospheric profiles. We note
that the profiles of these categories contain few cases
of deep moist ascent, and they suggest that many of the
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TasLE 1. TIGR2 airmass classifications.
Atmospheric
profile number Air mass
1-322 Tropical

323-710 Midlatitude 1

711-1064 Midlatitude 2
1065-1168 Polar 1
1169-1761 Polar 2

profiles have properties characteristic of the subsidence
process (C — D).

4. Radiative transfer calculations
The retrieval approach developed below is based on
results obtained from a numerical radiative transfer

model. The model relevant to this study solves the
monochromatic transfer equation
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FIG. 4. (a) T4, TS, and T12 averaged between 0° and 30°N and S and between 30°S and 30°N (left) and (b) averaged between 0° and 60°N
and S and between 60°S and 60°N (right). The temperatures used to produce these area averages are composites of NOAA-10 and NOAA-11
N, radiances. They are averaged over consecutive 5-day periods for 1989.
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I(t =0, p) =L exp(—7% )

+fT B(1) exp(—t/u)ﬂ, ()
0 2

where I, is the surface radiance, B is the Planck black-
body function, and I(7 = 0, ) is the radiance at the
satellite altitude represented here for a given view angle
6, where 6 = cos 'p. In general, channels 4 and 12
occur in that part of the spectrum where the optical
depth 7* of the atmospheric column defined from the
satellite to the surface is large so that the surface term
in (1) is negligibly small. Simulations are only carried
out for nadir view angles (i.e., u = 1) throughout since
a priori angular corrections were applied to the radiance
data as described previously.

Simulation of satellite-measured radiances based on
(1) requires some kind of spectral integration that in-
cludes in these integrals the instrument filter response
functions. In this study we calculate the quantity

N

I(T = 0’ ,U,) = ZﬁAV/‘[ls,/‘gj(T;‘c’ 0’ /"’)

j=1
75 dt.
0 B
where the spectral integration is carried out as a sum-

mation over a finite number of N subintervals of spec-
tral width Ay;, chosen to resolve the spectral structure
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of the sensor filter function f;. The band transmission
function follows as

1
(7,0, pn) = Ao fA exp(—7,/wdv. (3)
J Vi

a. Band transmission

The crux of any satellite radiance simulation ap-
proach lies in the treatment of the transmission function
to represent the absorption by the gas or gases in ques-
tion (for this study these gases are CO,, H,0O, and O3).
For the jth subinterval, the transmission functions used
are based on the Malkmus band model (Malkmus
1967) formula

T(u) = exp[— % 1+ 45;u/7ra,-)”2] . )

where u is the vertical pathlength of the absorbing gas,
a the effective line half-width, and S the effective line
strength. These band parameters o and § are related to
statistical line parameters

1 N
S=—=3s5
’ M‘szi:s

and
4 13 112 ’
aj—ﬂ‘Sj(Sj [Njg,(siai) ,

where N; are the number of lines in the jth spectral band
of width Av;, and the mean line spacing within this
band is

6j = AVj/IVj.

Values of the band parameters S; and a; used in this
study are discussed below. The method of using band
model transmission functions is fairly standard and has
been used to model the IR transfer for by Shine (1991),
Slingo and Webb (1992), and Ellingson et al. (1989)
and has been explored in relation to k-distribution
methods by Lacis and Oinas (1991). This study em-
ploys pressure and temperature scaling techniques re-
ferred to as the van de Hulst—Curtis—Godson method
(Goody and Yung 1989). Channels 4 and 6 are mod-
eled assuming CO,~-H,0-0; overlap, which is treated
through a multiplication of the transmission functions
of each gas.
The channel transmission functions, defined as

N

= £9(7, 0, )

AT, 0,p) =5 (5

N ’

2 f;
=1
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where the summation is over the band defined by the
channel filter function f;, were evaluated at a reso-
lution of 1 cm™' using MODTRAN92 (Berk et al.
1989) at fixed temperatures and pressures. Malkmus
band model parameters were then derived by fitting
these MODTRAN channel transmission functions.
The band parameters so derived are given in Table 2
and a comparison between the band model trans-
mission and MODTRAN-derived transmissions is
shown in Fig. 7 as a function of the constant pressure
absorber path length. The transmissions shown in
this diagram exclude contributions by water vapor
continua.

The radiative transfer model using the band trans-
mission functions and band-corrected Planck functions
specific to each channel (e.g., Weinrab et al. 1981) was
used to simulate channel brightness temperatures for
each of the 1761 TIGR2 atmospheric profiles. The re-

sults of these calculations are shown in Fig. 8a for chan-
nel 12 and are contrasted against the corresponding
brightness temperatures derived using MODTRAN.
Two sets of MODTRAN simulations are shown on the
diagram. In one case, only line absorption was assumed
whereas the second set of simulations include a water
vapor continuum overlap (simulated continuum con-
tributions to channels 4 and 6 were deemed to be small
and were not included). From this diagram we con-
clude that the simple band model results for channel 12
agree well with the line absorption results of MOD-
TRAN with an rms difference of 0.6 K. Addition of
continuum absorption by foreign broadening shifts the
brightness temperatures in the mean by 2 K (Fig. 8b).
We account for this absorption using a transmission
function of the form

g(T’ 0) = exp[_tcom]’ (6)
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where the continuum optical depth (S. A. Clough, 1994
personal communication) is

T
tcom = CVO<£) <_0)u'
Po T

Here u is the vertical path of water vapor, p and T are
path pressure and temperatures, T, = 273 K and p,
= 1013 hPa, ¢ is a coefficient defining the foreign
broadening continuum absorption and is obtained from
Clough (1993), and v, is the central wavenumber of
the band. Both v, and ¢ are given in Table 2 for each
channel. The transmission of channel 12 is then the
product of (6) and (4). The calculated bias between
MODTRAN and the model using this form of trans-
mission is 0.5 K, and the rms difference in brightness
temperature between these models is 0.6 K.

Similar brightness temperature comparisons are pre-
sented in Figs. 9a,b for channels 4 and 6, respectively.
Whereas a continuum component is also included in
modeling the transmission of these channels, its effect
on the radiative transfer of channels 4 and 6 is small
relative to its effect on channel 12. The rms differences
between MODTRAN and the model brightness tem-
peratures are 0.6 K and 1 K respectively for channels
4 and 6.

5. The physical basis for the retrieval of UTH and
column overburden

a. A simple model of 6.7-um radiative transfer

Soden and Bretherton (1993, hereafter SB) intro-
duced a simple model of the 6.7-um radiative transfer
and subsequently used it to identify the key relationship
between relative humidity and the GOES 6.7-ym
brightness temperature. Here we adopt this method
with some changes and use it as the framework for the
present retrieval. The SB model solves the equation

* aB
= [y,
o] ¢ dP P

which resembles the radiative transfer equation (1)
with the omission of the surface term. The essence of
the model and key to the retrievals described below lies
in the assumed relationships between optical depth ¢(p)
at pressure p, relative humidity r, and column vapor
overburden u,. It is relatively simple to show that line
transmission at 6.7 um closely obeys the square root
dependence

N

t(p) = klu(p)1', (8)

where k is a proportionality constant (excluding any
continuum effects discussed in more detail below, we
determine that k = 1.85 m kg ™'/ for channel 12 of
TOVS, similar to the value of 1.80 m kg~!/? given by
SB for the GOES channel). The path is
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u()_ﬁf”,&ée
PP~ 2%y "p g’

where g is the acceleration by gravity. It is important
to note that (8) excludes continuum contributions that
are shown to be relevant later.

With the following approximations,

€))

e(T) = e,(Ty) exp[hz] (10)
T,

for the saturation vapor pressure at a temperature 7'
=T — T,, where T, is a reference temperature taken
to be 240 K and A = 23.1, and

Tl
P = Po €Xp T,
0

for pressure, where p, is the pressure at T and [ is a
lapse rate factor. Substitution of (10) and (11) into (9)
yields

(11)

u(p) = uy exp[AT'/T4], (12)
assuming B and r are independent of height, and
1 Ty) 1
Uy = _§ &(_02 - (13)

29 g AB

is the overburden above p,. The optical depth corre-
sponding to this overburden follows from (8) as

to = kul'?, (14)
and combining (8), (12), and (14),

1.7
t=t “A——. 15
0 exP[Z TO] (15)
With the further approximation
TI
BT) = B,«(To) exp[n 7] (16)
0

for the Planck function ( we determine n = 8.3 for chan-
nel 12), then substitution of (16) and (15) into (7)
yields

Ti2 1

1
—-—=1——logt%+—log(
n

2n
1 17
T, X ) (17)

iy
which differs from that of SB only in relatively minor
ways.

b. Weighting functions

The model introduced above also offers a simple
way of approximating the channel 12 weighting func-
tions. This is relevant to the retrievals described below
since these weighting functions provide the vertical def-
inition of the retrieved properties. In the earlier work
of SB, five specified weighting function profiles were
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TABLE 2. Malkmus band parameters for NOAA-10 HIRS

(NOAA-11 given in brackets).

xS TS ckeg'm) v
Channel Gas (cm™'kg7'm? (cm™' kg™’ m) [em] (cm™")
4 H,O 0.53 1.2
(0.56) (1.15)
CO; 11.18 13245
(12.12) (178.04)
O; 20.67 80.11
(20.92) (80.20)
6 H,O 0.15 0.22
(0.14) 0.24)
CO, 4.16 15.07
(4.25) (15.90)
0, 19.37 84.84
(19.79) (86.92)
12 H,O 17.14 1078.50 0.0822 1489
(16.89) (905.49) (1480)

selected according the value of p*, which is a pressure
parameter defined below. Alternatively, here we use the
weighting function

_d9(0, u)

w0, p) = dInp

(18)
relevant to each profile, where (0, u) is given by the
Malkmus band transmission function. Both relative hu-
midity and lapse rate parameter § implied in (17) are
assumed to be independent of height. In the retrieval
scherne described below, these parameters are taken to
be vertically averaged quantities according to the ver-
tical averaging operator

0
(->=f “W(0, p’)d logp’. (19)
Po
Figure 10 presents examples of weighting functions for
three profiles, and this highlights both how the char-
acteristics of the weighting function vary from atmo-
sphere to atmosphere and also how broadly this func-
tion weights the relative humidity, with the peak vary-
ing from approximately 350 hPa for the tropical profile
to 550 hPa for the second of the ‘midlatitude profiles
selected in these examples.

6. Results of T12 interpreted as relative humidity
a. The retrieval of UTH
Substitution of (13) into (14) produces

18 e.(To) 1]'*( r\'?
=Kot ()
29 g A\ Jé]
and upon substitution into (17) we obtain the logarith-
mic relationship

(20)
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10g<<<—;—;—> =a + bT12,

where both $ and the relative humidity r are interpreted
as averaged according to (19) above. Soden and Breth-
erton derive a simpler form of (21) based on the as-
sumption that () does not vary from one atmospheric
profile to another. Figure 11 shows (3) obtained for
each of the TIGR atmospheres presented as a function
of AT = T6 — T4. An attempt to accommodate this
variation in the retrieval was made using the relation-
ship

(21)

(B) = 0.10 + 0.004AT, (22)
which is based on a fit of the data in Fig. 11.

Figure 12 is an example of results derived by the
radiative transfer model applied to the TIGR atmo-
spheres using the NOAA-10 parameters and, in a way,
illustrates (21). The ordinate is the left-hand side of

1.0

09
Q08 -
Q
0.7
;EO.S r

0.5 -
Bo4 -

01| CHANNEL4 N b
00 sl P e 112l Pl 1 PR

10° 10 107

1.0 T T . - —
Qo8 AN . H30
go.

0.8 F i
ST

50.7 r E
+0.6 + 4
‘805 + B
(DO4 = —
0.3 - -

01| CHANNEL 12 ]
0.0 -3 I-Z . ..-1 0 Il
10 10 10 10 10
-2
path length (kem™)

FiG. 7. Comparison between MODTRAN and Malkmus band
model fits to the transmission derived using NOAA-10 filter functions.
The agreement is such that the differences are generally not discern-
ible on the diagram. The transmissions are shown as a function of
the constant-pressure absorber pathlength and they exclude contri-
butions by water vapor continua.
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(21) evaluated using derived values of (r) for each
profile and () using (22) and the simulated channel 4
and 6 brightness temperatures. The abscissa is the sim-
ulated channel 12 brightness temperature, and a simple
linear fit of these data provides the coefficients a and
b. The original SB relationship is also presented in the
diagram for comparison.

The retrieval scheme thus consists of the following
steps: (i) an estimation of (3) using the brightness tem-
peratures of channels 4 and 6 and (ii) an estimation of
(r) from inversion of the left-hand side of (21), given
the channel 12 temperatures and the coefficients de-
rived from fits of the simulations using the NOAA-10
and NOAA-11 transmission model parameters.

Fic. 8. (a) Comparison of calculated values of T12 using
MODTRAN and the band model approach with and without
continuum contributions. (b) The effect of continuum absorp-
tion by foreign broadening on T12 assessed in the form of a
histogram.

b. Results

The pixel-level relative humidities were derived ac-
cording to this procedure using pixel-level NOAA-10
and NOAA-11 brightness temperatures and then binned
to produce daily distributions. These daily values were
then averaged to produce monthly mean values of re-
trieved quantities, and an example is shown in Fig. 13
for January and July. Each distribution of (r) is an av-
erage of the respective months during 1989, 1990, and
1991 and clearly show the impact of large-scale cir-
culation on the distribution of upper-tropospheric water
vapor, especially equatorward of 30° latitude. For ex-
ample, the prominent dry features in the subtropics are
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FiG. 9. Comparison of calculated values of (a) T4 and (b) T6 using
MODTRAN and the band model approach.

most likely to be connected to the subsiding branch of
the Hadley circulation, and the moistening in the equa-
torial regions is that associated with the convection in
the ITCZ. The range of upper-tropospheric humidity
from these dry regions varies from 10% to 30% with
the moist regions exceeding 50%.

The results displayed in Fig. 13 differ from similar
results reported by Soden and Bretherton (1993) using
GOES data and, to a lesser extent, from the results of
Schmetz and van de Berg (1994) based on Meteosat
data. Values of UTH for regions of tropical convection
over the Amazon reported by SB exceed the values in
Fig. 13. The likely source of this difference is suggested
in Fig. 14, which shows the 1989 January mean values
of the retrieved UTH derived according to the scheme
outlined above, where the results for each 2.5° X 2.5°
bin is plotted along the abscissa. The results are ob-
tained using coefficients derived from simulations that
exclude the effects of continuum absorption in the 6.7-
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FiG. 10. Weighting functions defined according to (19) for three
TIGR?2 profiles (profiles 1, 351, and 851).

um band plotted along the ordinate. The inclusion of a
continuum enhances the absorption at 6.7 pum (relative
to the case without this absorption), which then re-
duces the brightness temperature by approximately 2 K
(Fig. 8b) leading to a reduction of (r) by about 15%—
20%. Since uncertainties in T12 are also approximately
2 K, this difference provides a rough indication of the
level of uncertainty in (r).
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Fic. 11. The vertically weighted averaged lapse rate
parameter (8) as a function of T4-T6.
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FiG. 12. The logarithm of relative humidity as a function of T12
according to simulations described in the text (referred to as present
scheme) and to those of SB.

The relative humidities averaged between 30°N and
30°S and between 60°N and 60°S are shown in Fig. 15
as a function of day count. The results for the region
between 0°—30°N and 0°-30°S reveal a marked annual
cycle in the relative humidity with a distinct moistening
occurring in the NH during the JJA season and an en-
hanced drying of the SH during the same season. Dry-
ing of the NH in the reciprocal season is not as large
is in the SH. The 0°~60°N and S relative humidity av-
erages possess small seasonal variations.

7. An interpretation of T12 as vapor overburden
a. The retrieval approach

An alternative way to interpret the T12 information
is in terms of water vapor column overburden. The gen-
eral idea is that the brightness temperature T12, when
matched to the corresponding temperature profile 7(p)
such that T12 = T(p,), defines the pressure p,. above
which a constant amount of water vapor exists. This is
not a new interpretation and has been explored in re-
lation to microwave moisture sounding (e.g., Rosenk-
ranz 1984). We explore this concept using (15) in the

form
1 /T12
te = toexp[i)\<T0— l)] ,

where 1, is the optical depth of the column above the
pressure level p,. Rearrangement of this expression

yields
T12 2 t
—_1}1==1 i
( T, ) A Og<t0>

and may be equated with (17) to obtain

logt, = % ln<ﬁ> !

(23)

- (24)
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For the values A = 22.1 and n = 8.3, we obtain z,
= (.88, and from the relationship (24), u, = 0.22 mm
for the column overburden above the pressure p,.. Fig-
ure 16 is the frequency distribution of u, derived from
radiative transfer computations on the TIGR2 database.
The value of u,, deduced from these simulations is 0.17
mm with an rms of 0.05 mm. This is smaller than the
value derived above based on the simple model since
the simulations include continuum absorption and the
simple model does not. We hereafter interpret the p,
pressure distribution as the 0.17 = 0.05 mm overburden
surface, and the standard deviation provides an esti-
mate of the uncertainty of this overburden value.

Zonally averaged profiles of p, are presented in Fig.
17 for both January and July 1989. Since the constant
uy surface generally lies above 400 hPa between 30°N
and 30°S, we take the 350-hPa level to be representa-
tive of the pressure across this region and derive the
overburden at this pressure in the following way. Using
the retrieved values of (r) together with the value of
p*, the 350-hPa overburden is determined according to
the formula

18(r) " e,
Uzso = Uy 29 g Jiso p D

where the integral term represents the component
added or subtracted from u, due to the column of at-
mosphere either below or above p, and the 350-hPa
level. This term is evaluated using the TOVS-derived
temperature profile to estimate e,.

The average of the January and July 19891991 dis-
tributions of w5, are presented in Fig. 18. The over-
burden varies from 0.4 to 0.5 mm in regions associated
with deep convection in the Tropics to values in the
range below 0.1 mm in drier regions of subsidence in
the subtropics and for air generally poleward of 30°
latitude. In Fig. 19 us5, averaged between 30°N and
30°S is shown as a function of day count in a manner
analogous to Fig. 15a. The annual cycle of the 0°~30°N
and 0°-30°S averaged overburden reveals a seasonal
character similar to that of relative humidity shown pre-
viously in Fig. 15.

The extent to which the differences in overburden
between each hemisphere, particularly in the respective
wintertime seasons, is a result of wintertime differences
in large-scale circulation in each hemisphere needs to
be explored. To emphasize these hemispheric differ-
ences, Hovméoller analyses of pentad uss, are presented
in Figs. 20a—c for overburden averaged over the three
latitude strips from 5°N to 5°S (Fig. 20a), 22.5°N to
27.5°N (Fig. 20b), and 22.5°S to 27.5°S (Fig. 20c).
Time runs down the page beginning on 1 January 1989
at the upper edge of each diagram and ending on 31
December 1991 at the bottom edge of each figure. The
abscissa is longitude ranging from 0° to 360°, with the
date line running through the center of each diagram.
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FiG. 13. A 3-year (1989-91) mean of January (upper) and July (lower) UTH.
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FiG. 14. The 1989 January mean values of the retrieved UTH de-
rived according to the scheme outlined in the text. The abscissa cor-
responds to results obtained using coefficients derived from simula-
tions that include the effects of continuum absorption in the 6.7-um
band, and the ordinate refers to retrievals based on exclusion of con-
tinuum absorption.

These diagrams reveal a number of remarkable features
of upper-tropospheric water vapor in the region defined
by the Hadley circulation. In the equatorial region, east

UTH (%)

: RPN
H LR L )
S NPT AR
EOLIEN FAO S A LA
AN §
s

28 -
26 47

24 48000

22 4

+ v : v r ——— —r .
3 60 90 120 150 180 210 240 270 300 330 360
Day

FiG. 15. The relative humidities averaged between 30°N and 30°S
(lower) and between 60°N and 60°S (upper) as a function of day
count.
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FiG. 16. The water vapor overburden above p, derived from sim-
ulated values of T12 and matched to the corresponding TIGR2 pro-
file.

— west differences in upper-tropospheric water vapor
are large. Relatively moist air (in excess of 0.4 mm) is
located in western regions of the equatorial Pacific in
regions of prominent ascent associated with deep con-
vection, and dry air (with values below 0.1 mm) occurs
in the eastern Pacific. This is consistent with the con-
ventional notion of the Walker circulation, with ascent
to the west and descent over the eastern Pacific. The
quantitative link between the Walker circulation and
these west—east gradients in upper-tropospheric mois-
ture needs to be addressed in future studies.

The averaged values of u;5o between 22.5° and 27.5°
latitude are used to examine water vapor features in
areas associated with the subsidence branch of the win-
tertime Hadley circulation. Hovmoller diagrams of
these averaged data point to the reasons for the hemi-
spheric asymmetries in both relative humidity and
overburden noted in the discussion of results presented
in previous diagrams. The NH upper troposphere at
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FiG. 17. January 1989 and July 1989
zonal-averaged profiles of p,.
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Fic. 19. The pentad u;s5, averaged between 30°N and 30°S
as a function of the 1989 day count.

these latitudes is moistened significantly by the effects
of monsoonal circulations identified as regions of en-
hanced water vapor in the region between 60°E and the
date line and in the region of the Northern American
monsoon centered over 90°W. Moistening by the
Southern Hemisphere monsoon is much less distinct,
but the wintertime drying between 0° and 180°E is
greatly enhanced. Dry upper-tropospheric air persists
throughout the year in the region over the southern Pa-
cific centered at approximately 90°W. This region is
one of prevalent low cloudiness.

The lack of penetration of moist air into the Southern
Hemisphere subtropics is more clearly illustrated in the
latitude—time plots shown in Fig. 21. Here uss, is
shown for latitudes from 35°S to 35°N along the lon-
gitudes 90°E, 180°, and 90°W for the three-year period
from January 1989 to December 1991. A feature of the
time series at 90°E is the lack of symmetry in the pole-
ward extents of moist upper-tropospheric air (taken
here to be us5p > 0.25 mm) in each hemisphere. Moist
air protrudes to 35°N during the Northern Hemisphere
summer, whereas the Southern Hemisphere extent of
this air is limited to about 10°S with little seasonality.
The variation of moist upper-tropospheric air over the
date line exhibits a more regular seasonal migration
from the SH in summer to the Northern Hemisphere
and back. The characteristics of moisture over 90°W
fall between the two regimes that seem to characterize
the variations over 90°E and 180°. At 90°W, the mois-
tening of upper-tropospheric air in the NH from spring
to fall is punctuated during winter by excursions of
Southern Hemispheric air that remains dry throughout
the year.

8. Summary and conclusions

This paper describes a physically based method for
the retrieval of upper-tropospheric humidity and upper-
tropospheric column water vapor based on the use of
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radiance data collected by TOVS, principally channels
4 (14.2 pm), 6 (13.7 ym), and 12 (6.7 ym). This re-
search expands on similar research based on the 6.7-
pm channel radiance measurements on geostationary
satellites (Schmetz and van de Berg 1994; Soden and
Bretherton 1993) and research based on the use of sim-
ilar data available from polar orbiting satellites.

From analyses of the data obtained with the retrieval,
we conclude that:

(i) TOVS radiance data, particularly that of the
upper-tropospheric water vapor channel 12, can be
modeled usefully using a single band Malkmus model
with parameters tuned to a particular sensor on a par-
ticular satellite. A significant uncertainty exists due to
continuum absorption, even in regions where line ab-
sorption is dominant. This uncertainty could introduce
a bias as large as 2 K that in turn leads to an uncer-
tainty of approximately 15%-20% in the retrieved
UTH and UTCWYV. High-precision, high-spectral-res-
olution measurements of the emission spectra are crit-
ically important for shedding further light on the com-
plex issue of continuum absorption in the spectral re-
gion defined by TOVS channel 12.

(ii) In addition to these emission measurements,
there 1s also a critical need for high-accuracy measure-
ments of upper-tropospheric water vapor to test retriev-
als such as the one described in this paper. Despite the
broad lack of data suitable for global validation pur-
poses, the fundamental importance of water vapor to
climate, and especially water in the upper troposphere,
dictates that these satellite data be analyzed if for no
other reason than to provide motivation for further val-
idation efforts.

(iii) The results presented in this paper suggest that
the relative humidity of the upper troposphere, espe-
cially over the domain of the Hadley circulation taken
to be between 30°N and 30°S, undergoes significant
seasonal variations. This is contrary to the usual as-
sumption of fixed relative humidity adopted in simple
climate feedback studies. Large seasonal changes in the
region from 30°N to 30°S are associated with the sea-
sonal swings in the Hadley circulation. Similar seasonal
changes in the 350-hPa overburden indicate that these
swings in relative humidity occur as a result of signif-
icant seasonal shifts in the upper-tropospheric water va-
por content.

(iv) In the region equatorward of 30° latitude, the
Southern Hemisphere winter is significantly drier than
the Northern Hemisphere winter, which is also consis-
tent with the findings of Kelly et al. (1991) based on
analyses of aircraft data, although in regions poleward
of 30° latitude. This drying is associated with expansive
regions of subsidence producing dry upper-tropo-
spheric air across most of the SH. A more quantitative
association between these observations and general cir-
culation will be the topic of a future study, but these
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FiG. 20. Hovmoller analyses of pentad uss, averaged over the three latitude strips from (a) 5°N to 5°S, (b) 22.5°N to 27.5°S, and (c) 22.5°S to
27.5°S. Time runs down the page beginning on 1 January 1989 at the upper edge of each diagram and ending on 31 December 1991 at the
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results are suggestive of a difference in the large-scale
circulations of each hemisphere. As an example, anal-
yses of the data show the clear effects of moistening in
the NH subtropics through the monsoonal circulations
over Asia and North America and the lack of penetra-
tion of the SH monsoon in the Southern Hemisphere
subtropics, thus implying that differences in landmass
distributions govern the way water vapor is processed
between the Tropics and midlatitudes.

It is implied in the results described in this paper that
global information on upper-tropospheric moisture is a
surrogate for global information on vertical motions in
the upper troposphere and cloudiness. The extent to
which the water vapor overburden results discussed in
this paper correlate to dynamics, cloudiness, and pre-
cipitation is an important topic and one that will be
pursued in a related study.
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